Abstract Blood flows in the finger were measured simultaneously by laser Doppler flowmetry and by venous occlusion plethysmography in a warm environment (35°C, 40% RH). One hand was immersed in a water bath the temperature of which (TW) was raised every 10 min by steps of 2°C from 35 to 43°C, while the other hand was kept immersed in water at 35°C. Finger blood flow in the heated hand (BF) measured with venous occlusion plethysmography was significantly lower than that in the control hand (BFI) at TW of 39-41°C. At TW of 43°C, however, the finger BF W returned to the level of BFI after a transient decrease. In contrast, blood flow in the heated hand measured with laser Doppler flowmetry (LDFW) increased steadily as the TW was raised from 37 to 43°C, while that in the opposite hand (LDFC) remained unchanged. Assuming that the laser Doppler flowmetry does not measure blood flow through AVAs located deeply in the skin of the finger but measures flow through the superficial capillaries, the results suggest that the decrease in finger blood flow in response to local heating may be limited to AVAs, and superficial vessels may not contribute to this heat-induced vasconstriction of the finger.
the limb skin is not altered by raising T10. Moreover, KRONERT et al. (1980) reported that blood flow through AVAs in the tongue of the dog decreased with raising buccal temperature. To date, however, there is no partitional measurement of blood flow through AVAs and capillaries of the human finger at higher T10.
Recently, a new noninvasive technique laser Doppler flowmetry was introduced for measurement of superficial capillary flow of the tissues (HOLLOWAY and WATKINS, 1977; OBERG et al., 1979; NILSSON et al., 1980) . This new technique may elucidate control of partition of the skin circulation between blood-vessels located deeply and those located superficially, presumably capillaries. The purpose of the present study was to verify our hypothesis that AVAs in the finger contribute to the heat-induced vasoconstriction. Blood flows in the finger were measured simultaneously by the laser Doppler flowmetry and the venous occlusion plethysmography.
METHODS
Experiments were conducted in a climatic chamber in which temperature and relative humidity were 35+ 1°C and 40± 3%. Six healthy male subjects, aged 30-53 years, participated twice in this study.
After an overnight fast, the subject came to the laboratory in the morning. He wore only shorts and sat on a reclining chair with his forearms suspended at the level of the shoulder. He immersed both hands in separate water baths the temperature of which was regulated to an accuracy of ± 0.05°C. The hands were kept at the level ca. l0 cm above the heart level to facilitate the drainage of finger veins. The bath temperature (TW) for both hands was kept at 35°C during the 30-min rest period, after which blood flow (BF) and laser Doppler flow (LDF) of the fingers in each hand were measured 1) by venous occlusion plethysmography with temperature compensated mercury-in-Silastic strain-gauge (WHITNEY, 1953; HONDA, 1962) and 2) by laser Doppler flowmetry (PERIFLUX, PF-1, Perimed KB, Stockholm) (HOLLOWAY and WATKINS, 1977; OBERG et al., 1979; NILSSON et al., 1980) . The strain-gauge was wound around the middle finger and the venous occlusion cuff was placed at the base of the same finger and was inflated to a pressure of 70 mmHg. The probe for laser Doppler flowmetry was fixed on the palmar side of the index finger. The distance between the skin and the probe surfaces was maintained at 0.5 mm with a probe holder throughout the measurement. The output signals from the laser Doppler flowmeters were recorded on a potentiomerter (SP-H6P, Riken Denshi, Tokyo). A steady baseline level (zero-level) of the output signal was checked by inflating the wrist cuff of 250 mmHg for 2 min. The LDF value was calculted as the deflection above this line.
After 10 min of control measurements at TW of 35°C, the TW for one hand was raised every 10 min by steps of 2°C until it reached 43°C. It took about 4.5 min for TW to reach each new set-temperature. The TW for the other hand was kept at 35°C throughout the session. Finger BF and LDF were measured simultaneously in both hands at 20s intervals, and BF or LDF in the hand heated locally (BF W or LDFW) and that in the control hand (BFC or LDFC) were compared with the ratio of BF W to BFI or LDFW to LDFC (BFW/BFC or LDFW/LDFC).
Esophageal temperature (TeS) was monitored continuously with a thermistor probe swallowed to the level of the atrium. Skin temperatures were measured with thermistors placed at 7 locations on the body surface and the mean skin temperature (TSk) was computed (HntATA et al., 1986) . All temperature data were recorded every 30 s by a data logger (K923, Takara Thermistor Instruments Co., Ltd., Yokohama) and a personal computer (PS80, TEAC, Tokyo). The measurements were made twice in each subject on separate days alternating the hand to be heated locally. In each subject, the mean values of 30 measurements were computed for each set of TW (for 10 min each) and the values from the two experiments were averaged. Then, the grand mean + S.E. at each set TW were calculated from all the 6 individual averages for statistical analysis. The significance of changes in BF W and LDFW from the corresponding BFI and LDFC values were tested by a two-way randomized complete block ANOVA, followed by a Duncan's test. The significance of changes in (BFW/BFC) and (LDFW/LDFC) from the values at TW of 35°C was tested by a one-way randomized block ANOVA, followed by a Dunnett's test. Statistical significance was set at p <0.05.
RESULTS
TeS and TSk at the beginning of the experiment were 36.80 + 0.12 and 35.45±0.11°C, respectively. The temperatures were nearly at the same level throughout the experiment except for a few subjects. Figure 1 shows the changes in blood flows (BF) in the heated and control hands measured by the venous occlusion plethysmography and the calculated ratio of the blood flows in both hands in one subject. Finger BFs were nearly the same in both hands during the first 20 min of the session, after which some separations occurred in the flows in both hands. The BF W became lower than BFI when TW was at 39-41°C. When TW was increased to 43°C, however, BF W was decreased transiently, then returned to the level of BFI. When the ratio of (BFW/BFC) was compared, the reduction of BF W became apparent already at TW of 37°C. Figure 2 shows the changes in laser Doppler flows (LDF) in the locally heated hand (LDFW) and in the control hand (LDFC) in the same subject. The measurements were made simultaneously with those for BF shown in Fig, 1 . In contrast to the changes in BF, LDFW was increased steadily with increasing TW from 37 to 43°C, while LDFC remained nearly at the same level during the session. The ratio of (LDFW/LDFC) was steadily increased with increasing TW from 37 to 43°C. Figure 3 shows the average values at each set of TW obtained in 6 subjects. The BF W was significantly lower than the corresponding BFI at TW of 39-41°C. At TW of 43°C, there was no difference between these two BFs. The BFI decreased slightly when the tested hand was exposed to higher TW. Compared with the value at TW of 35°C, the ratio of (BFW/BFC) was decreased significantly at TW of 37-41°C. At TW of 43°C, the value returned nearly to unity. The LDFW was significantly higher than the corresponding LDFC at TW of 41-43°C. The changes in the ratio of (LDFW/LDFC) showed the same tendency -a significant steady increase at TW of 39-43°C from the control value at TW of 35°C.
DISCUSSION
In a warm environment of this study (35°C, 40% RH), the total finger blood flow measured by venous occlusion plethysmography decreased significantly when local temperature (T10) was raised by steps from 37 to 43°C. This has been repeatedly reported from our laboratory (NAGASAKA et al., ,1987 . In contrast, however, blood flow of the finger measured by the laser Doppler flowmetry increased steadily with increasing T10 from 37 to 41-43°C. Thus, the pattern of blood flow changes in response to local skin heating is in different directions with the different measurement methods employed. If the laser Doppler flowmetry enables measurement of blood flow in the superficial vessels, presumably capillaries, in the skin (HOLLOWAY and WATKINS, 1977; STERN et al., 1977) , and the venous occlusion plethysmography measures blood flow through both superficial and deeper vessels including AVAs of the finger, the simultaneous use of these two methods will make it possible to elucidate control of partition of the finger blood flow between superficial and deeper vessels. The results shown in Figs. 1-3 will suggest that the heat-induced vasoconstriction in the finger is attributed exclusively to the constriction of the vessels located deeper in the skin, possibly of AVAs. The conclusion of this study is highly dependent on the validity of the laser Doppler flowmetry. To test this, we have measured the changes in finger blood flow using another laser Doppler flowmeter (ADVANCE, ALF 2100, Tokyo) in which the principle for measuring blood flow is different from that of PERIFLUX PF-1, during the same stepwise local heat exposures of the fingers (Fig. 4) . At the tissue, the probe of ADVANCE ALF 2100 consists of parallel exciting and receiving optic fibers separated by a certain distance (usually 0.5 mm). The objective of separation of the two optic fibers is to introduce minimum photon diffusion path with the tissue, and as the fiber separation increases, tissue absorption of laser light is not dominant and the mean depth at which blood flow is measured increases (BONNER et al., 1981) . One probe (with fiber separation at 0.3 mm) was fixed on the index finger and the other (with fiber separation at 0.7 mm) on the third finger. Blood flow was measured on the middle finger with the venous occlusion method. By the probe with wider fiber separation, LDF outputs changed in parallel with those measured by the venous occlusion plethysmography. However, by the probe with narrower fiber separation, such a marked reduction of LDF outputs was not observed but a rather continued increase was observed throughout the session.
With the probe holder we used, the probe of PERIFLUX PF-1 does not make a direct contact with the skin surface but leaves a 0.5 mm of space between the skin and probe surfaces. This will decrease the penetration of laser light into the tissue. STERN et al. (1977) have estimated that the penetration depth of the laser light with the PERIFLUX PF-1 is less than 1 mm. In the finger tip, the epidermal layer often reaches a thickness of 0.2-0.4 mm, and under this layer the skin is supplied with capillaries arising from the papillae of the cornium and returning to the subpapillary venous plexus. The length of the capillary loop is also 0.2-0.4 mm. On the other hand AVAs arise from arteries and arterioles up to 0.1 mm in diameter and situated in the deeper layers of the skin at about the same depth as the sweat glands (GRANT and BLAND, 1931) . Therefore, it can be assumed that blood flow through the finger AVAs was not measured with the PERIFLUX PF-1. In the forearm skin, the decrease in blood flow with increasing Toy to above the core temperature was not observed even when the flow was measured with the venous occlusion plethysmography (NAGASAKA et al., , 1987 . The vascular structure in the forearm skin may be different from that in the finger, and AVAs, abundant in the finger and the palm, are not found in the forearm skin (CLARA, 1956) . Thus, our previous results may also support the important contribution of skin AVAs to the heat-induced vasoconstriction. The constriction of AVAs in the skin may be biologically important when T10 is increased to above the core temperature in hyperthermic subjects, since it limits heat gain through the skin. This may be supported inversely by the fact that, in the subjects kept in a cool environment (25°C, 40% RH), no further vasoconstriction occurred when the hand was exposed to local heating (NAGASAKA et al., 1987) . It has been estimated that in thermally comfortable subjects nearly one-half of skin blood flow is distributed to the acral regions of the body where AVAs exist (SPARKS, 1978) . We consider therefore that even a small reduction of blood flow in the acral areas as observed in this study may reduce heat load greatly in the hyperthermic subjects. RUBSAMEN and HALES (1984) reported that heat loss per unit blood flow was greater in capillaries than in AVAs in the hindlimbs of sheep. This may be true in the human fingers: that is, the heat transfer from or into the superficial capillaries will be greater than the AVAs because of the shorter distance for heat conduction. However, the total amount of blood passing through the AVAs was significantly greater than that through capillaries in the warm condition (HERTZMAN, 1959; RUBSAMEN and HALES, 1984) . The contribution of AVAs in the acral parts of the body is undoubtedly important in maintaining homeostasis of body temperature at higher temperatures. At TW of 43°C, however, the extent of finger vasoconstriction was reduced. Towards the end of the session, Tes and mean skin temperature were increased in some subjects. In such subjects the central vasodilator influence may predominate over the influence of local vasoconstrictor effects of temperature. 
